
NASA TECHNICAL NOTE NASA TN D-1991

I1

Z

Z

AN EXPERIMENTAL INVESTIGATION

THE VISCOUS DAMPING OF LIQUID

SLOSHING IN SPHERICAL TANKS

OF

by Irving E.

L ewis Research

Cleveland, Ohio

Sumner and Andrew j. Stofan

Center

NATIONALAERONAUTICSANDSPACEADMINISTRATION• WASHINGTON,D. C. ° DECEMBER1963





TECHNICAL NOTE D-1991

AN EXPERIMENTAL INVESTIGATION OF THE VISCOUS

DAMPING OF LIQUID SLOSHING IN

SPHERICAL TANKS

By Irving E. Sumner and Andrew J. Stofan

Lewis Research Center

Cleveland, Ohio

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION





AN EXPERIMENTAL INVESTIGATION OF THE VISCOUS

DAMPING OF LIQUID SLOSHING IN

SPHERICAL TANKS

By Irving E. Sumner and Andrew J. Stofan

SUMMARY

An experimental investigation was conducted to determine the viscous slosh-

damping characteristics of several liquids having a wide range of kinematic vis-

cosities. The tests were conducted with three rigid spherical tanks 9.53 20.5,

and 32.0 inches in diameter. The kinematic viscosity of the contained liquid was

varied from 1.23XlO -6 to 1.183XlO -2 square foot per second by utillzingmercury,

acetylene tetrabromide 3 and several mixtures of water and glycerine. The first-

mode slosh-force parameter was generalized for all values of kinematic viscosity

and tank diameter investigated when presented as a function of dimensionless vis-

cosity and excitation-amplitude parameters. The average firstzmode damping ratio

was observed to be independent of the excitation amplitude over the range inves-

tigated and was generalized for all values of kinematic viscosity and tank diam-

eter when presented as a function of the dimensionless viscosity parameter only.

INTRODUCTION

One of the problem areas currently associated with llquid-fuel propulsion

systems used in missiles and space-fllght vehicles is that of damping the oscil-

lations of the propellant masses that may result from the dynamic response of the

vehicle to the attitude-stabilizatlon-control system. The oscillation of the

propellants_ when allowed to continue undamped, can create slosh forces that may

have an adverse effect on the stability and structural integrity of the vehicle.

When liquid sloshing occurs in a spherical tank, for exsmple, the maximum slosh

forces approach a value equal to approximately one-fourth of the apparent weight

of the contained liquid (ref. 1). Generally, the most effective method of de-

creasing the slosh forces is to reduce the amplitude of the liquid oscillations

by increasing the damping applied to the contained liquid.

Several methods of increasing the damping applied to the contained liquid

have been investigated for several different tank configurations. Among these

are the use of floating cans and asymmetrical or annular ring baffles (refs. 2

to 7) and the use of positive-expulsion bags and diaphragms (refs. 8 and 9).

Another method of increasing the liquid damping that may warrant consideration

is the use of the viscous damping inherent in high viscosity liquids or, as



applied to missiles or space vehicles, the use of thixotropic propellants.
Knowledgeof the viscous-damping characteristics of liquid sloshing would en-
able prediction of maximumslosh forces and dampingratios for thixotropic
propellants as well as for more conventional propellants of varying viscosity.

Accordingly, an experimental investigation was conducted at the NASALewis
Research Center to study the potential slosh-dsmping effectiveness of viscous
liquids having a range of kinematic viscosities from i. 23xi0-6 to I. 183Xi0-2
square foot per second. The investigation was conducted utilizing three rigid
spherical tanks 9.5, 20.5, and 32.0 inches in diameter. The spherical tank con-
figuration was chosen because (i) the minimumtank weight for a given volume
provides definite advantages for somespace-vehicle applications and (2) the
information presently available on liquid sloshing in spherical tank configura-
tions is relatively scarce. The effects of liquid kinematic viscosity, as well
as excitation amplitude and frequency, on the horizontal slosh forces and damp-
ing ratios were investigated.

SYMBOLS

B

D

Fs

g

h

h/2R

R

Xo

Xo/D

5

P

viscosity parameter, v/_ -_, dimensionless

tank diameter, ft

horizontal slosh force, ib

vertical acceleration, 32.174 ft/sec 2

liquid depth, ft

liquid depth ratio, dimensionless

tank radius, ft

excitation amplitude, ft

excitation-amplitude parameter, dimensionless

oscillatory excitation frequency, radians/sec

damping ratio, in_Fs)n/(Fs)n+l]

liquid massdensity, slugs/cu ft

excltation-frequency parameter, _-_, dimensionless

2



slosh-force parameter, Fs/pgD3, dimensionless

v liquid kinematic viscosity, ft2/sec

Subscript:

n cycle number (1_2_5,&, . .,n)

APPARATUSANDINSTRL_4ENTATION

Twoexperimental test facilities were utilized in this investigation. The
smaller experimental test facility sho_n in figure 1 was identical to that used
in the investigations of liquid sloshing reported in references I_ 8_ and 9. A
9.5-inch-diameter spherical tank was formed in a 18_ninatedlucite block. When
placed on the test facility, the tank was mounted on four ball bearings and was
free to oscillate in one direction in the horizontal plane. The slnusoidal mo-
tion of the tank was produced by a slider-crank mechanismdriven through a
variable-speed transmission by an a-c electric motor. The excitation frequency
could be varied from 0 to 5 cycles per second. The electric driving motor was
wired so that the alternating current could be removedfrom the field and a
direct current could be applied to one of the field windings. This enabled the
oscillatory motion of the tank to be "quick-stopped" so that only the residual

horizontal forces resulting from the liquid motion could be measured. These re-

sidual slosh forces were sensed by a strain gage mounted between the tank and the

slider-crank mechanism. The signal from the strain gage was displayed by means

of a continuously recording strip chart.

The larger experimental test facility is shown in figure 2. Spherical tanks
with diameters of 20.5 and 32.0 inches were mounted on a test bed that was sus-

pended from a frame through three vertically oriented load cells and one horizon-

tally oriented load cell. The frame was suspended from overhead crossbeams and

was free to oscillate in one direction in the horizontal plane. The driving

force was provided by a hydraulic cylinder and piston. The excitation amplitude

could be varied from 0 to 1 inch_ and the excitation frequency could be varied

from 0 to 20 cycles per second. A sinusoidal excitation wave form was used for

this investigation. The electric and hydraulic control circuits for the driving

mechanism were designed to enable the oscillatory motion of the frame, test bed_

and tank to be quick-stopped at a point of zero velocity during any given cycle

of oscillation so that only the residual horizontal forces resulting from the

liquid motion could be measured. The horizontal slosh forces were sensed by the

horizontal load cell_ and the signal was displayed on a continuously recording

strip chart. The three vertical load cells were not utilized in the present in-

vestigation for instrumentation.

The slosh liquids used in this investigation were water

(W = 1-062)<i0 -S ft2/sec), glycerine (v = 1.183XI0 -2 ft2/sec), and a mixture of

these two liquids in varying percentages to obtain intermediate values of kine-

matic viscosity. Unpublished NASA data also included for this investigation were

damping ratios determined from experimental tests utilizing mercury

(v = 1.23X10 -6 ft2/sec) and acetylene tetrabromide, commonly known as TBE

(v 3.538XI0 -5 ft2/sec) -
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PROCEDURE

The effectiveness of slosh-suppression methods is the most critical to mis-

sile design at conditions where the slosh forces are a maximum. From an investi-

gation of unrestricted sloshing characteristics (ref. 1), it was observed that

the maximum slosh forces occurred at the first natural mode and at a llquld-depth

ratio (h/2R) of 0.50. Therefore, all of the tests reported herein were conducted

at a llquid-depth ratio of 0.50.

For each data point taken on either test facility, the tank was oscillated

at a preselected excitation frequency and amplitude until the wave height of the

liquid on the tank wall had reached the maximum value that could be obtained

without the surface of the liquid breaking up and showering liquid throughout the

tank. The oscillatory motion of the tank_as then qulck-stopped, and the resid-

ual horizontal slosh forces were recorded. The excitation amplitude was held

constant at 0.100 inch while excitation frequencies encompassing the funda-

mental mode were investigated with the smaller test facility. Because of the

limitations of this facility, an excitation amplitude smaller than O.100 inch

would not permit accurate slosh-force measurements of the higher viscosity

liquids, while a larger excitation amplitude forced the wave forms of the lower

viscosity liquids to build up so rapidly that the oscillatory motion of the tank

could not be qulck-stopped at the proper time. Excitation amplitudes from 0.050

to 0.900 inch and excitation frequencies encompassing the first two natural modes

of oscillation were investigated with the larger test facility.

DATA REDUCTION

The experimental values of the slosh forces and excitation fre_encies were
reduced to the dimensionless parameters k = Fs/pgD 3 and _ = m_/R/g, respec-

tively. The slosh-force parameter was calculated by using the magnitude of the

first force peak occurring immediately after the oscillatory motion of the tank

had been quick-stopped. The damping ratios were calculated as the logarithmic

decrement of a smooth curve faired through successive force peaks. The g term

appearing in the parameters is equal to the vertical acceleration of the tank

(52.17_ ft/sec 2 for the present investigation).

PRESENTATION AND DISCUSSION OF RESULTS

Slosh-Force Parameter

General effect of kinematic viscosity. - The general slosh-force suppression

characteristics obtained by increasing the kinematic viscosity of the contained

liquid from that of water (v = O. 1X10 -_ ft2/sec) to that of 100 percent glycerine

(v = ll8.3><10 -4 ft2/sec) in each of the three spherical tanks is presented in

figure 3 for a nearZy constant value of the excitation-amplitude parameter Xo/D.

For each tank diameter, the dimensionless slosh-force parameter increased and

reached a maximum value as the excitation-frequency parameter increased and ap-

proached that value associated with the first natural mode (_ = 1.25_, ref. 1).

The force parameter then decreased with a further increase of the excitation-

frequency parameter. For each tank oscillated at a given value of the



excitation-frequency parameter_ the effect of increasing the kinematic viscosity
of the contained liquid from O.1x10-_ to liB. 3X10-4 square foot per secondwas
to reduce the wave height to which the liquid mass could be driven. The conse-
quent reduction of the first-mode slosh-force parameter (the maximumvalue of the
force parameter that occurred when the excitation frequency was equal to the fun-
damental frequency of oscillation of the contained liquid) was as muchas 67 per-
cent in the 9. S-inch-diameter tank, 55 percent in the 20.S-inch-diameter tank_
and 28 percent in the 32.0-inch-diameter tank. The small, relatively insignifi-
cant force peak shownat the second natural mode (_ = 2.322) was almost com-
pletely eliminated by the increased kinematic viscosity of 100 percent glycerine.
The value of the excitation-frequency parameter at which the maximumslosh forces
occurred remained essentially constant for all tank diameters investigated and
was not affected by the kinematic viscosity of the contained slosh liquid.

The slosh-force parameters obtained for a relatively nonviscous liquid
(water) reached a maximumvalue of about 0.06 at the first mode. It was observed
that the value of the excitation-amplitude parameter (Xo/D _ O.01) (1) drove the
wave form of the liquid oscillations to approximately the samevalue of wave-
height to tank-diameter ratio for all three tanks and (2) was sufficiently large
to drive the wave-helght to tank-diameter ratio to nearly the maximumvalue dic-
tated by the spherical tank configuration and still maintain the nearly flat
liquid surface characteristics of flrst-mode sloshing.

With i00 percent glycerine (v = I18-5X10-_ ft2/sec)_ the first-mode slosh-
force parameter increased with tank diameter for nearly constant values of the
excitation-amplitude parameter. The effect of the large increase of kinematic
viscosity on this force parameter is discussed further in the appendix.

The effect of a variation of the excitation-amplitude parameter (Xo/D) on
the slosh-force parameter utilizing 100 percent glycerine as the contained slosh
liquid is presented in figure ¢(a) for the 20.S-inch-dlameter tank and in fig-
ure ¢(b) for the 32.0-1nch-diameter tank. For each tank diameter_ an increase of
Xo/D resulted in an increase of the wave height to which the liquid surface was
driven, which increased the value of the force parameter. The flrst-mode slosh-
force parameter generally increased without regard to tank diameter with an in-
crease in the excitation amplitude Xo.

The effect of kinematic viscosity on the first-mode slosh-force parameter
over a wide range of Xo/D is presented for the 32.0-inch-diameter tank in fig-
ure 5. The force parameter (1) decreased with an increase of kinematic viscos-
ity and (2) increased with an increase of the excitation amplitude. The higher
viscosity of 100 percent glycerine decreased the first-mode slosh-force parameter
from that obtained for water by 60 percent or more for values of Xo/D < 0.0043
for examples but decreased the force parameter by only about l0 percent at a
value of Xo/D of 0.02813 which was the maximumvalue investigated.

The variation of the slosh-force-parameter levels occurring at a given ex-
citation frequency or amplitude is due to experimental technique. The scatter of
the data is attributed to the difficulty in visually observing that the wave
height of the liquid surface had reached a maximumvalue and in quick-stopplng
the oscillatory motion of the tank during the samecycle.



A phenomenonknown as liquid swirl, which is frequently encountered in
liquid sloshing, occurs most often at excitation frequencies near or equal to the
fundamental frequencies. Although frequently observed with lower viscosity

liquids, liquid swirl was never observed for those liquids having kinematic vis-

cosities greater than approximately lOxlO -4 square foot per second.

Generalized rest_Its. - The first-mode slosh-force parameters obtained for

water tended to become generalized (within experimental accuracy) relative to

tank diameter when presented as a function of the excitation-amplitude parameter

Xo/D, as shown in figure 6. The force parameter increased to a maximum value of

0.081 at an Xo/D of 0.0125 and remained constant with any further increase of

Xo/D. At Xo/D = 0.0125, the wave height of the surface of the liquid at the

tank wall became limited by the physical configuration of the tank and was_

therefore_ the maximum that could be obtained. The only effect of increasing the

value of Xo/D beyond that of 0.0125 was to breakup the relatively flat liquid

surface causing a small portion of the liquid to splash over the top and shower

down through the center of the tank (fig. 2(b)). However_ the flrst-mode force

parameters obtained for lO0 percent glycerine did not generalize for various tank

diameters when presented as a function of Xo/D. At a given value of Xo/D _ the

force parameters for lO0 percent glycerine decreased with the tank diameter below

those values obtained with water for the reasons discussed in the appendix. It

appears that the first-mode slosh-force parameters may closely approach those

values obtained for water with either very large values of tank diameter or ex-

citation amplitude.

A dimensionless viscosity parameter B = v/_, which is similar to that

derived in reference 10, was applied to the experimental data in an effort to

predict more readily the first-mode slosh forces over the complete range of liq-

uid kinematic viscosities. The first-mode slosh-force parameters obtained for

all tank diameters investigated are presented as a function of the viscosity pa-

rameter for a value of Xo/D of about 0. O1 in figure 7. The force parameter was

generalized relative to tank diameter and liquid kinematic viscosity and de-

creased with an increase of the viscosity parameter.

To predict the values of the first-mode slosh-force parameter over a wide

range of Xo/D , the experimental data obtained from the 32.0-inch-diameter tank

(fig. 5) are presented as a function of the viscosity parameter in figure 8.

With the assumption that the viscosity parameter does generalize the data for

values of Xo/D other than those presented in figure 7, the family of curves

generated in figure 8 is applicable in predicting the first-mode slosh forces

that could be expected to occur for any value of the viscosity parameter within

the range investigated and for a tank of any diameter oscillated over a range of

Xo/D from 0.00156 to O. 02810. To obtain substantial reductions of the first-
mode slosh-force parameter3 the viscosity parameter must be high (maximum liquid

kinematic viscosity and minimum tank diameter), and Xo/D should be a minimum.

Damping Ratio

General effect of kinematic viscosity. The damping ratios (or logarithmic

decrements) obtained over a range of liquid kinematic viscosities are presented

as a function of the excitatlon-frequency parameter in figures 9(a) to (c) for
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tank diameters of 9.5, 20.5, and 32.0 inches, respectively. In general, the
dampingratios obtained for each tank diameter increased with the kinematic vis-
cosity of the contained liquid and were essentially independent of the excitation
amplitudes investigated. The damping ratios appeared to be dependent upon the
excitation-frequency parameter whenboth the wave height and tank diameter were
small. However_the dampingratios obtained in the 32.0-inch-diameter tank were,
within experimental accuracy, independent of the excltation-frequency parameter.

Figure i0 presents the average first-mode damping ratio (an average of damp-
ing ratios obtained for excitation frequencies at and near that of the funda-
mental mode) as a function of the liquid kinematic viscosity for the three tank
diameters investigated. The damping ratio increased with kinematic viscosity for
all the tank diameters. However_for a constant value of the kinematic viscos-
ity, the damping ratios decreased as the tank diameter increased; this decrease
is a direct result of the reduction of the wetted-tank-wall-area to volume ratio
discussed in the appendix. The error bars on the curve for the 52.0-inch-
diameter tank indicate the range of damping ratios (data scatter) obtained for
values of Xo from O.050 to 0.900 inch. This data scatter for the damping
ratios presented in figures 9 and l0 is due to (1) the limitations of the test
facility and (2) the difficulty in fairing a curve through successive force peaks3
which would provide a constant value of the damping ratio through successive
cycles of the liquid oscillations.

Generalized results. - The average first-mode damping ratios obtained for

all liquids investigated (TBE, mercury, and mixtures of glycerine and water) are

presented in figure ii as a function of the dimensionless viscosity parameter for
the range of tank diameters investigated. The viscosity parameter did generalize

the effect of kinematic viscosity and tank diameter on the first-mode damping

ratio for spherical tanks at a liquid-depth ratio (h/2R) of 0.50. The fact that

a straight line may be faired through experimental data indicates that a relation

exists between the first-mode damping ratio and the viscosity parameter in the

form

8 = c /\|wX10&|N (i)

where c and N are constants that may be determined from the curve. The con-
stants were found to have the values c = 0.151 and N = 0.359. The relation

between the first-mode damping ratio and the viscosity parameter is then

/ vXI04 I0. 559

8 = o.131 (2)

SUMMARY OF RESULTS

An experimental investigation was conducted utilizing three spherical tanks

9.5, 20.5, and 52.0 inches in diameter to determine the effect of a large varia-

tion of liquid kinematic viscosity on the horizontal slosh forces over a range

of (i) excitation frequencies encompassing the first and second natural modes



of oscillation of the contained liquid and (2) excitation amplitudes from O.050
to 0.900 inch. The liquld-depth ratio (h/2_ was maintained at a value of 0.50
where the maximumfirst-mode slosh forces have been shownto occur.

The slosh forces reached a maximumvalue at excitation frequencies equal to
the first natural modeof oscillation of the contained liquid. A smaller, rela-
tively insignificant slosh force peak occurred at the second natural modefre-
quency. An increase of the viscosity of the contained liquid reduced the height
to which the first- and second-modewave forms could be drlven, which reduced the
first- and second-modeslosh forces. The natural frequencies of oscillation of
the first and second modewere independent of the liquid viscosity.

The first-mode slosh-force parameters were generalized within experimental
accuracy for all values of liquid kinematic viscosity and tank diameter investi-
gated whenpresented as a function of a dimensionless viscosity parameter
v/_ and the excitation-amplitude parameter Xo/D. The effectiveness of the
h_gher viscosity liquids in reducing the first-mode slosh forces decreased as
the tank diameter and excitation amplitude increased.

The average first-mode damping ratios were observed to be independent of the
excitation amplitude and increased wlth (1) an increase of the liquid kinematic
viscosity or (2) a decrease of tank diameter. The viscosity parameter general-
ized the effect of kinematic viscosity and tank diameter on the average first-
modedampingratios that could then be expressed by the equation

8 = 0.131
559

Lewis Research Center

National Aeronautics and Space Administration

Cleveland_ Ohio_ July ll_ 1965
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APPENDIX- EFFECTOFA WETTED-TANK-WALLAREATOVOLUMERATIOONTEE

FIRST-MODESLOSH-FORCEPARAMETERANDDAMPINGRATIO

Slosh Forces

The first-mode slosh forces produced by the liquid oscillation in a half-
full spherical tank are dependent upon (1) tank diameter, (2) liquid mass
density_ (5) gravity field under which the tank is oscillated, and (A) liquid-
wave-height to tank-diameter ratio. The dimensionless slosh-force parameter gen-
eralizes the effect of variables (1) to (3) for constant values of (A). The
wave-helght to tank-diameter ratio is primarily dependent upon (1) the
excitation-amplitude parameter at which the tank and its contained liquid are
oscillated and (2) the liquid viscosity.

The wave-height to tank-diameter ratio for a given excitation-amplitude pa-
rameter Xo/D would be expected to be determined by the ratio of the total vis-
cous friction forces to the slosh forces. The viscous friction forces, which
dampthe liquid oscillations, are proportional to the wetted surface area of the
tank wall, while the slosh forces are proportional to the tank volume. The ratio
of the viscous friction forces to the first-mode slosh forces for a given liquid
can then be given by the equation

Ff A l_/2_D2- K = K - 3K_-1 (Al)
rs V i/6 3

where

Ff total viscous friction forces

K constant of proportionality

A wetted tank-wall area

V tank volume

For given values of liquid mass density and excitation amplitude, the value of K

is related to the liquid viscosity and increases with an increase in viscosity.

When considering a relatively nonviscous liquid (water, e.g.) sinusoidally

excited at the first natural mode frequency_ it was observed that the wave-height

to tank-dlameter ratio, and, therefore, the first-mode slosh-force parameter_ re-

mained essentially constant with a variation of tank diameter when the

excitation-amplitude parameter Xo/D remained constant. In the case of a rela-

tively nonviscous liquid_ the value of K would be quite small_ therefore, the
value of the viscous friction forces would remain small as the tank diameter in-

creased_ and a variation of the tank diameter would be expected to produce only a

slight variation in the value of the first-mode slosh-force parameter.

For a relatively viscous liquid (I00 percent glycerine, e.g.) the value of

K would be quite large, and the viscous friction forces 3 therefore, would be



large and would vary widely as the tank diameter was varied. The viscous fric-
tion forces would also becomemore significant when comparedto the slosh forces
as the tank diameter decreased. For constant values of Xo/D, the wave-height to
tank-diameter ratio andj therefore_ the first-mode slosh-force parameter de-
creased as the tank diameter decreased. It was necessary to drive the tank at
larger values of Xo/D as the diameter decreased to overcomethe viscous fric-
tion forces and to maintain a constant wave-height to tank-diameter ratio.

DampingRatio

The damping ratio (logarithmic decrement) is a measureof the time rate of
decay of the slosh forces after the disturbance has been removed. Since the in-
stantaneous wetted surface area of a given diameter tank is essentially indepen-
dent of the wave height of a contained liquid undergoing characteristic first-
modesloshing_ the damping ratio would be expected to be independent of the ex-
citation amplitude. The damping ratio would be expected to be affected by the
ratio of the viscous friction forces to the slosh forces and would_ therefore,
increase with either an increase in liquid viscosity or a decrease in tank diam-
eter. Dampingratios obtained from the experimental data are sun_narizedin fig-
ure 12 as a function of the A/V ratio.
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Figure 12. - Effect of the A/V ratio on the

average first mode damping ratio for vary-

ing viscosity liquids, where

0. OS0 _ X o _ 0.900 inch.

NASA-Langley,1963 E- 2128 29








